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EXPERIMENTAL DETERMINATION OF GAS MOTION ACCOMPMYING SCREECHING 

COMBUSTION I N  A 6-INCH SlERTLATED AFTEEBURNER 

By Perry L. Blackshear, Warren D. Rayle,  and Leonard K. Tower 

As par t  of a general  research program on screeching  conibwtion a t  
the NACA L e w i s  laboratory, an investigation was conducted t o  develop 
screech  instrunentation and study  the mechanism of screech in a 6-inch- 
diameter  simulate&  afterburner. 

Probe microphones were developed which can be u t i l i z e d   t o  measure 
the  frequency,  relative amplitude, a d  relative  phasing of the  pressure 
oscil lations at  various  positions w i t h h  a screeching  conbustor. In  
calibrating  these microphones t o  determine  absolute values of pressure 
amplitude,  a new theory was proposed t o  account for the  nonlinear  atten- 
uation of high-amplitude sound in  tubes. 

The acoustic  oscil lations accoqpanying screech in the 6-Fnch after- 
burner were sham  to   consis t  of the f irst  transverse  (sloshing) mode i n  
the  hot  gases downstream of the  flame holder.  Transverse osci l la t ions 
can a l so  account f o r  the  screech  frequencies  reported i n  the   l i t e ra ture  
on full-scale  afterburners and ram je ts ;   in   the   l a rger  combustors, haw- 
ever,  higher modes of osci l la t ion become prevalent. It is  suggested 
that the  acoustic  oscillations  responsible for the  destructive  effects 
of screech  are maintawed by a periodic  variation  in  the  co&ustion 
rate.  Several  techniques  are  suggested f o r  the  control o r  ellmination 
of screech. 

INTRODUCTION 

The trend toward higher f l i g h t  speeds for   mi l i ta ry  aircraft creates 
the need f o r   j e t  engines of increased thrus t .  The trend in afterburner 
and ram-jet cambustor development has therefore been towards conbustors 
which operate a t  higher  pressures,  higher conibustion temgeratures, and 
higher  velocities. With the development of these  high-output  codustors, 
the phenomenon known as screech has been  widely  encountered  throughout 
the  a i rcraf t   industry.  Screech  derives i ts  name from the high-pitched, 

screech  are  hi&-frequency  pressure  oscillstion i n  the conibustor and an 
I audible sound which accompanies the phenomenon. Other lnanifestations of 

(. 
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increased  rate of heat transfer which has resulted in  rapid  deterioration 
or fa i lure  of codustor   shel l ,  flame  holder, and other conibustor parts.  
I n  most instances,  therefore,  screech is undesirable and is t o  be 
avoided. It is essent ia l  that an understandFng of the  screech phenomenon 
be obtained and that a9method  of controlling  or  eliminating  screech  be 
devised. 

Screech has been  encountered in  afterburners  (refs.  1 t o  3), i n  
r a m  j e t s   ( r e f .  4 ) J  and in rocket  engines  (ref. 5); some detailed  studies 
of the phenomenon have been made ( refs .  4 and 5) .  Several  different 
theories have been  evolved in an  attempt  to  explain  the  screech phenom- 
enon. These theories have assumed the  screech mechanism t o  be dependent 
upon combustion kinetics, aerodynamics, acoustic  vibrations,  or some 
couibination of these phenomena.  Under couibustion kinetics,  consideration 
has been  given t o  phenomena similar  to  the knock experienced in  recipro- 
cating  engines. Under aeroaynamic phenomena, consideration has been 
given t o  vortex  formation in   the  wake of flame holders, t o  vortex  inter- 
action, and t o  boundary-layer effects.  Under acoustic phenomena, con- 
sideration has  been  given t o  axial, radial, and transverse modes of 
oscil lation. The various  theories  relating t o  the  screech mechanism and 
the data t o  support them are, i n  many cases,  conflicting;  additional 
studies seem t o  be  required. 

The investigation  reported herein is  part of a general program t o  
investigate  screech a t  the NACA L e w i s  laboratory and had a three-fold 
objective as follows: (1) t o  develop suitable  instrumentation  for  study- 
ing  screech in  an  operating combustor; (2)  t o  mke the measurements of 
screech  necessary to  assess  the  screech mechanism; and (3) t o  suggest 
methods for  controlling  or  eliminating  screech. 

This  investigation was conducted wi th  a 6-inch-diamter  direct- 
connect combustor. The codustor  configuration and  operating  conditions 
simulated  a  turbojet  afterburner. The instrumentation which was devel- 
oped and evaluated for studying  screech  included  a  probe microphone 
capable of measuring the  pressure  fluctuations a t  any point  within  the 
conibustor. This  permitted a detailed study of the  spat ia l   d is t r ibut ion 
of amplitudes,  frequencies,  and  relative  phases.  Ionization gaps were 
u t i l i z e d  to   indicate  the position of the flame f ront  i n  the  vicinity of 
the flame  holder. In order t o  calibrate the probe microphone, an experi- 
mental and theoretical  investigation was made of the  attenuation of 
large-anplitude sound in tubes. 

From surveys of the screech  amplitude  distribution,  frequency,  and 
relat ive phasing, the  oscil latory motion of the  gases  in  the combustor 
was deduced by comparing the experimental results  with phenomena pre- 
dicted from theoretical  Consideration of various modes  of acoustic 
oscil lation. A limited  study was made of the  effect  on screech  amplitude 
and frequency of such system variables  as cozribustor pressure, air flow 
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ra te ,   fuel-air  ra t io ,  flame-holder  type, and flame-holder position. 
From the understanding of screech  obtained in  this  investigation,  sev- 
e r a l  techniques were suggested for  controlling  or  eliminating  screech 
in afterburners and r a m  jets. 

Instal la t ion 

A dbgram of the conibustor ins ta l la t ion  is shown i n  figure 1. The 
i n l e t  and outlet  ducts were connected t o  the laboratory air supply and 
exhaust systems. A i r  flow rates and co&ustor  pressures were regulated 
by  a  remote-controlled valve upstream of the combustor and  by a variable- 
area combustor exhaust nozzle. A t d u l a r  production-model turbojet  com- 
bustor  was ins ta l led  i n  the  duct upstream of the  research  co&ustor t o  
provide  conditions in the   i n l e t  stream which simulate conditions a t  the 
inlet of a turbo jet   afterburner.  

Research Conibustor 

The research conibustor ( f ig .  2) had an inside diamster of 6 a c h e s  
and a length (measured from the  posit ion of the flame holder t o   t h e  
position of the exhaust nozzle) which could  be  varied f r o m  34 inches t o  

45- inches by traversing  the flame  holder. The flame holder was t rav-  
ersed axially by means of a wire cable and a winch. The combustor having 
the  variable-area exhaust nozzle a d  the  water-jacketed combustor s h e l l  
sham i n  figure 2 was used f o r  only a part of the  investigation  reported 
herein;  during  the  early phases of this  investigation,  the cazlibustor had 
a fixed-area exhaust nozzle and an air-cooled outer shell.  Fuel, JT-4 
or  gasoline, was supplied t o  the codustor  through  an  air-atomizing 
spray  bar  located 100 inches  upstream of  the  exhaust  nozzle at the  posi- 
t ion  indicated in figure 2. The air-atomizhg  spray bar i s  shown i n  
figure 3. A t o t a l  of four flame holders a s  investigated;  these  included 
single  diametric V-type flame holders of two different   s izes  (5 and 
2 a  in. wide) and 60° single-cone flame holders of two different   s izes  
(area blockage, 30 and 46 percent) . 

3 
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General  Instrumentation 

Air flow was metered  by a concentric-hole,  sharp-edged or i f ice  
installed  according  to A.S.MS.E. specifications. Fuel flow was metered 
by a calibrated.  rotameter. Conibustor-inlet pressure was masured  by 
four wall s t a t i c   t aps  as indicated  in  f igure 1. CczKbustor-lnLet 
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temperature was measured by chromel-alumel thermocouples  connected t o  a 
self-balancing  recording  potentimeter. A thrust target  was elqployed t o  
measure the momentum of the exhaust. This was later replaced  by a water 
quench spray,  followed  by a thermocouple array. The r ise   in   enthalpy 
across the system  then  indicated  the thermal efficiency. 

Special  Instrumentation 

Microphone probe development. - Am instrument was required which 
could be used t o  measure the frequency and amplitude of the pressure 
oscil lations accompanying screech and which could  be used t o  determine 
the  pressure  distribution of any standing wave system in   t he  combustor. 
To determine the pressure  distribution, two basic  techniques were 
apparent: (1) move the  sensing element t o  various  positions i n  the com- 
bustor, or (2)  u t i l i ze  a movable probe to   p ick  up the  pressure signal a t  
various  locations and transmit this signal t o  the sensing element located 
outside the combustor. There ex i s t  water-cooled  pressure  pickups that 
can  withstand  limited  exposure t o  flame when  mounted  on the ccaribustor 
wall. The U f e  of these  pickups i s  i n  constant  jeopardy with designs 
employed s o  far and t o  adapt  these pickups t o  immersion in the  hot  gas 
stream would hardly seem feasible. 

Probe microphones fo r  measuring the frequency and relat ive amplitude 
of screech in an  operating cortibustor were designed, fabricated,  and sub- 
Jected to  prelimlmry  evaluation by measuring screech in   t he  6-inch- 
diameter  simulated  afterburner. The instruments showing the  greatest  
promise were then  selected  for more detailed calibration and additional 
studies of screech. The necessary  calibration  consisted of a measure- 
ment of the attenuation of pressure waves between the open end of the 
probe  and the microphone. 

Description of instruments. - The probe microphone is  shown i n  
figure 4. A water-cooled  probe which could  be  traversed  diametrically 
through  the c d u s t o r  was connected t o  a 50-foot c o i l  of 1/4-inch copper 
tubing which behaved acoustically as an infinite  tube  in that it produced 
negligible  reflection of pressure  pulses  entering  the tube. The sensing 
element, a microphone, was connected t o  this "infinite"  tube  by a short 
1/32-inch-diameter lead a t  a point  near the conibustor. To prevent com- 
bustion gases containing  soot and moisture from entering the probe during 
normal operation, a small flow of clean,  dry air was maintained through 
the  "infinite" t&e into the colribustor. The a i r  purge was not  adequate 
t o  keep the tube  completely  clean,  since  rapid changes i n  combustor 
operating  conditions  caused  pressure  surges which sometimes carried com- 
bustion  gases  into the tube.  To avoid changes i n  the tube  attenuation 
constants  resulting from soot  deposited from these conibustion gases, it 
was deemed necessary t o  use a tube of reasonably Large diameter (3/16- 
in.  inside  diameter). 
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i Special probes were fabricated  to  check- the   r e l i ab i l i t y  of the 
phase measurements obtained  with  the standard probe microphone. These 
"phase"  probes were intended  primarily t o  produce re l iab le  phase measure- 
ments; t he   r e l i ab i l i t y  of t he i r  amplitude  readings was assumed to  be 
small. A diagram of such a probe is shown Fn figure 5. The distance 
from the end of the probe t o  the microphone was minimized t o  avoid var- 
iat ions in  internal  phase lag. The bore of the tube was kept small t o  
enable  viscous damping t o  minimize the  effect  of reflected waves. A n  
ample supply of cooling  water was passed  through the  jacket of the 
probes,  keeping the gas wlthin the smll tube at  a temperature above the 
dew point of the combustion products. 

Readings obtained  with  the  phase  probes confirmed the   mUdi ty  of 
the phase measurements made with the standard  probe microphone. The 
phase measurements are  therefore  presented under RESuLrTS PLND DISCUSSION 
without  qualification as t o   t h e  instrument enployed. 

Calibration. - In order to  calibrate  the  special  screech  instruments 
fo r  frequency and amplitude  response,  the  appamtus shown in   f igure  6 was 
util ized. The apparatus  for  generating  slraalJ"qlitude  pressure waves 

The apparatus f o r  large-amplitude  pressure waves (fig.  6(b))  consisted of 
a similar resonance chaniber driven  by a hi$h-pressure air jet which was 
admitted  intermittently  by a rotat ing "chopper" disk. The readfngs of 
the  research  instruments were compared with the  readings of a reference 
mkrophone which had been previously  calibrated wlth a known steady- 
state  variation in  pressure. From these data the attenuation  coefficient 
for the probe microphone was computed. 

c (fig.  6(a))  consisted of a resonance chamber driven  by a piston speaker. 

. 

A theoretical   analysis was made of the damping of high-mqlitude 
pressure waves, and the   r e su l t i ng   t heo re t i a l  equations were u t i l i z e d   t o  
correlate  the  experimental data on attenua-kion of high-amplitude waves. 
Theoretical  considerations were a l so   u t l l i eed  t o  correct  for  the change 
i n  amplitude accompanying the  transmission of a pressure wave across a 
temperature interface such as that existing between the  hat gases  in  the 
conibustor and the  cold purge air flaKFng through the probe microphone. 

Attenuation of Small-Amplitude Sound in Tubes 

The attenuation and dis tor t ion of periodic  pressure waves in tlibes 
must be considered i n  designing and calibrating  the probe microphone. 
The apparatus shown in   f igure  6(&) w&s ut i l ized  t o  measure attenuation 
constasts for small-aslplitude  pressure waves and for various probe 

tubes was computed f r o m  the   re la t ion  
. lengths.  he s o  called Kirchoff attenuation  constant ak f o r  l/$-inch 
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where the symbols  have the meanings l i s t ed  i n  appendix A. The experi- 
mental values obtained  from  equation (1) were approximately 15 percent 
grea te r   than   the   theore t ica l   hchoff  value; the data are  presented i n  
figure 7.  

Attenuation of High-Amplitude  Sound in  Tubes 
0 
tr) 

Screech  oscillations having a peak-to-peak pressure amplitude as 
great as 20 inches of mercury have been encountered (ref. 4 ) .  For such 
pressure  oscillations  the magnitude of the  attenuation  coefficient is 
reported t o  be dependent on the amplitude (refs .  6 t o  8) . Since  these 
references do not  agree on the shape of the  attenuation-against- 
amplitude  curve, the data contained in the  -references were not  considered 
adequate f o r  comguting the damping of high-frequency,  high-amplitude 
waves i n  the 1/4-inch  tube. An experimental and theoret ical   imest iga-  
t i on  of the damping of high-frequency,  high-amplitude pressure waves in 
small tLibes was therefore undertaken as par t  of this  investigation. 

. 
Theoretical. - A derivation of equations  describing  various  factors 

affecting  the behavior of high-amplitude sound i n  tubes is  given i n  
appendix B. The factors  can be b r i e f l y   s m r i z e d  as follows : 

The sound pressure in  the  entrance of the probe i s  related 
of the  source  by  the  equation 

t o  that 

(2) 

It is  well known ( ref .  9) that high-amplitude sound waves propagat- 
ing i n   f r e e  a i r  tend t o  develop a saw-tooth wave form; that is, the waves 
generate higher harmonica. The a-litude below which the nth harmonic 
of a wave of frequency f will not  grow is 

where 

0.292 

a 

m 

cv 0.292 canm(n-l) 
pmax f (ncl) 

depends on y = 1.4 

damping constant  for fundamental component 

exponent of f in a (a = a I f r n )  
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In f r e e   a i r  m =I 2 and a is  rather smll f o r  the  frequencies of 
primary interest .  For viscous damping i n   t d e s ,  m i s  1/2 and if a is  
defined  as alR, equation (3) becomes 

For the  case where t h i s  value is exceeded fo r   t he   f i r s t   s eve ra l  harmonica, 
the Length of propagation f o r  a sound wave t o  become saw-toothed is 

1 - 
P 

e'- >" - 0.292A% 

If the amplitude-dependent attenuation  coefficient i s  defined as 

this  constant  cm  be  expressed as 

(again f o r  y = 1.4). 

A p lo t  of equation (7)  is presented in  figure 8. Values of the 
amplitude-dependent damging coefficient c ~ p  were conibined with the 
experimental  values of the JSirchoff damping coefficient ak and the 
resulting  expression for t h e   c d i n e d  damping effects  was integrated  to  
obtain  the  curves  sham i n  figure 9. Values of p,, are shown plotted 
as a function of tube  length x for  three frequencies.  Figure 9 tndi- 
cates that even f o r  high amplitudes the  Illrchoff damping has a rather 
large  effect  in determining the over-all  attenuation. 

Therefore,  the  factors  affecting B high-amplitude wave as it enters 
and propagates i n  the  tube are a s  follows : F i r s t  the amglitude is  
reduced on entering  the  tube  according t o  equation (2) .  If the wave 
form i s  sinusoidal, it w i l l  become saw-toothed a f t e r  propagating a d i s -  
tance  given by equation (5), during which time it is attenuated by 
Kirchoff damping, equation (1). Once the wave becomes saw-toothed, it 
is attenuated  according  to  the  integrated  equation shown in  figure 9. 
Consideration of these  factors fields the  theoret ical  curves sham in 
figure 10. 
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Experimental. - Figure 11 shows the wave form recorded a t  1080 
cycles  per second for  various  tube  lengths in   the  probe microphone using 
the  apparatus of figure  6(b). From these wave forms and from simulta- 
neow  voltmeter  readings,  the mean-to-peak amplitudes were determined. 

Figure 12 presents a comparison of the  pressure amplitude indicated 
by the probe microphone with that indicated  by  the  calibrated  reference 
microphone, for  frequencies of 1080, 2400, and 3000 cycles  per second. 
Also presented in   f i gu re  12 are the  theoretical  values of figure 10. 
Values of obtained from the  curves of figure 12 are  compared i n  
figure 13 w i  h the  theoretical  values from figure 8. Also s h m  i n  
figure 13 are values of c[.p obtained  from  references 6 and 8. 

3 
Discussion. - From the  foregoing  results it is seen that probe 

microphone8 used i n  measuring  high-amplitude,  high-frequency sound 
become less sensit ive as the probe  length is increased and as the wave- 
length  decreases.  Fortunately,  observed  screech  frequencies  tend t o  
decrease as cortfbustor diameter is  increased (refs. 1 t o  5). The resul t -  
ing  design  principle is  f a i r l y  obvious; fo r  maximum sensi t ivi ty  of the 
probe microphone the  distance from the end of the probe t o   t h e  micro- 
phone should  be  kept small. It is poesible to   ob ta in  a reasonably 
accurate  picture of the wave formby  the use of a probe microphone only 
if the wave travels less  than a distance x* as defined i n  equation (5). 

The agreement between the observed and computed nonlinear  attenua- 
t ion  coefficient is surprisingly good. If ca l ibra t ion   fac i l i t i es  are 
not  available  these  values may be used fo r  ccanputing the  amplitude- 
dependent attenuation until some  more refined method  becomes available. 

References 6 t o  8 postulate  turbulence as the cause of the non- 
linear attenuation of high-amplitude sound i n  tubes.  Figure 13 shows 
the  theoretical  nonlinear damping coefficients  derived  in appendix B t o  
be i n  reasonable agreement with  both  the  experimental  values of refer- 
ences 6 t o  8, which w e r e  obtained in large tubes, and the  experimental 
values  obtained i n  this investigation  wlth  1/4-inch tubes. Conse- 
quently, it appears that 9 is independent of tube s i z e  and hence i s  
not a direct  function of Reynolds number.  The theory  presented i n  
appendix B is therefore  believed  to  afford a better explanation of the 
observed nonlinear attenuation. 

Effect of Temperature DiscontFnuity on Probe Microphone Reading 

A l l  the  foregoing  effects have been f o r  &11 asaumed constant mean 
temperature. When the gas temperature  within  the  probe  differs  from  the 
temperature i n   t h e  conibustor, a ref lect ion w i l l  take place where the 
sound wave enters  the  tube. Assuming that par t ic le  displacement  and 
sound pressure  are equal on ei ther   s ide of this  interface,   the ratio of 
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the  transmitted wave t o  %he incident wave amplitudes can be computed a s  
a function of the  tewerature   ra t io  of the gas on ei ther  side of t h i s  
interface. This r a t i o  i s  given in  the  following  equation: 

Flame Detection 

Ionization gaps were used t o  detect  the  local motions of the flame 
during  screech and give an indication of pa r t i c l e  motion i n  a combustor. 
The ionization gaps  used are shown in   f fgure 14. The use of these gaps 
coupled with a surface-mounted pressure pickup  provided an instantaneous 
picture of the  relation between the  local  pressure and the  flame-front 
position  near a flame holder. 

Several  variations of photocell  probes were made and t r ied .  The 
resul ts  were not  satisfactory. A periodic  variation in  the  luminosity 
of the flame zone  downstream of the flame holder w-as obtalne&  with the 
photocell probe sketched i n  figure E. This probe consisted of a smll 
periscope purged wlth  clean, d r y  air flaring through the  periscope  into 
the c d u s t o r .  The photocell  recorded an integrated value of the  l ight  
emitted  within a narrow cone between the periscope  and  the wall. The 
photocell probe  produced a periodic signal during  screech  and  therefore 
shows promise; it has not  been used sufficiently,  however, t o  warrant 
i ts  recommendation. The ionization gaps, on the  other hand, which were 
simpler t o  construct and t o  operate, have given  very  interesting data 
and are recommended for  further  screech  investigations. 

The relative  screech  amplitude at various  positions  across the 
diameter of the 6-inch  afterburner was measured a t  different  distances 
downstream of the flame  holder. The distance between the flame  holder 
and the probe microphone was varied by changing the axial posit ion of 
the flame holder. The pressure amplitude at  the wall of the conibustor 
was measured at  18 points along the length of the conibustor by leaving 
the flame holder  fixed and m o m  the microphone t o  the  various posi- 
t ions  of measurement. Dming  the  process of making these  surveys of 
relative  screech  amplitude,  the  frequency spectrum of the sound was 
also recorded a t  various positions Fn the conibustor. 

The relative phasing of the pressure signal at different  positions 
in   the  combustor was determined  with two microphone pickups.  Phase 
measurements  were made between a reference  pressure signal and the 
pressure signal obtained in ver t i ca l  diametric surveys at three dis- 
tances downstream of the flame holder (3/4, 4, and 76 in. ) . Phase 
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relations were a l so  measured a t  18 points  along  the l e  t h  of the com- 
bustor. With two ionization gaps located 180' apart, 7 4  inch down- 
stream of the flame holder,  and  extending 314 inch from the  burner walls, 
oscil lations of the  flame were detected. Simultaneous measurements nf th  
the  ionization gaps and  a microphone pickup were used t o  determfne the 
relative  phasing between the flame  position and the  pressure  in  the 
combustor. 

L 

The peak-to-peak  pressure  amplitude was measured at  various  pres- 
sures and a i r  flow  rates i n  the 6-inch afterburner. A t  each of several IC 

air flow rates   the combustor pressure was progressively lowered to   de te r -  
mine the  limiting  pressure below which screech was not  encountered. 
Measurements  of screech  amplitude  and  frequency were mde a t  various 
fue l -a i r   ra t ios  i n  the codoustor; these data were obtained  with  the 
fixed-area  exhaust  nozzle, however, and changes in  fue l -a i r   ra t io  were 
accompanied by  variations  in  combustor-inlet  velocity and confbustor 
pressure. 

0 
0 
M 

BESULTS AND DISCUSSION 

Screech Mechanism 

Amplitude distribution. - The relative  screech amplitude a t  various 
positions  across  the combustor diameter is sham  in   f igure 16 for  sur- 
veys made a t  different  distances downstream of the flame  holder. The 
data of figure 16 were obtained by traversing  the flame holder axial ly  
along  the  length of the combustor. A t  certain  locations of the flame 
holder i n  the combustor, the  longitudinal mode of osci l lz t ion would 
sometimes appear,  and the indicated  unfiltered amplitude of screech 
would rise.  Figure 17 shows an  oscilloscope  trace of a conibined intense 
low-frequency note  with  screech and a phase relat ion of the two fre- 
quencies  obtained  with  appropriate  band-pass filters. There i s  an 
apparent  modulation of the  screech  amplitude by the low-frequency note. 
For most positions of the flame holder  the 3300-cycle screech  consituted 
the dominant oscil lation. For other  positions of the flame  holder, 
however, the low-frequency  490-cycle osci l la t ion was dominant as indi- 
cated in   f igure 16. Figure 18 shows typical  spectra of sound recorded 
a t  the combustor wall for  both  the law- and the high-frequency 
oscil lation. 

I n  a l l  surveys sham  in   f igure 16 where the 3300-cycle osci l la t ion 
was dominant, the amglitude exhibits a pronounced dip  near  the  center of 
the  duct.  This i s  the amplitude pa t t e rn   t o  be  expected  with a transverse 
mode  of osci l la t ion as shown in  f igure 19. Such a pattern  could  not 
resu l t  from radia l  o r  longitudinal  oscillations. 
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Figure 20 shows a comparison of a sound spectrum a t   t h e  combustor 
wall with a spectrum at   the   center  of the  duct   for  cmdi:ions producing 
the  amplitude  dip at   the   center .  It is seen tha t  only the high-frequency 
par t  of the spectrum (3300 cps) i s  attenuated a t  the  center. It is  con- 
cluded  %herefore tha t   the  frequency  associated with the  transverse mode 
is  about 3500 cycles  per second. The d a t a  sham in figures 16, 17, 18, 
and 20 a re  raw data  taken  with 3 f e e t  of transmission  line  piping  the 
signal t o  the microphone and subject to the  corrections  previously 
discussed. w s 

0 For two positions of the flame holder, the amplitude a t  the wall 
was measured a t  18 points  along  the  length of the confbustor with a single 
microphone moved from point to point t o  obtain the data shown in f ig -  
ure 21. These data show a peak in the  screech amplitude  about 5 inches 
darnstream of the flame holder. T h i s  peak lfes in the  region where the 
maximum heat-release  rate might be expected. 
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The circumferential  distribution of sound a t  a plane 5 inches 
downstream of a V-gutter flame holder is shown on figure 22. These data 
were gathered in three  successive  tests,  the flame  holder  being rotated 
Go between tests. The f i l tered  screech signal is plottea  against  posi- 
%ion re la t ive  t o  the  gutter.  A strong mximum is apparent at  locations 
perpendicular to  the  gutter,  thus  indicating  that the gutter  orientation 
controls  the  direction of the  transverse  oscillation. Also plotted i s  
the  higher-frequency  content of the  signal; this, too, is  minimum behind 
the  gutter,  but does not demonstrate so marked a peak as  the  screech 
fundamental. This maybe  interpreted a B  suggesting a nonsinusoidal 
driving  force which ac t s  over a relatively  large  portion of the  cross 
section. 

1 

The data presented in   f igures  16, 21, and 22 are  considered con- 
clusive  evidence  that  the  screech  oscillation  studied comprised a standing 
transverse wave.  The circumferential and rad ia l   d i s t r ibu t ion  fol lows the 
general shape demanded by such a wave; the  lortgttudiml  survey may also 
be s o  interpreted. The W l i t u d e  peak shown on figure 2 1  does not  indi- 
cate  the  presence of a standing longitudinal wave; rather it signif ies  
t h e  location from which the  transverse  oscil lation I s  driven. If a com- 
bined  longitudinal and transverse mode existed., the frequency would be 

where nz/Z is  the  reciprocal of the half wavelength of the  longitudinal 
oscil lations and d i s  the  burner diameter (ref. lo). If this  longitu- 
dinal component is t o  have-an  appreciable  effect on the  indicated  fre- 
quencies, the half wavelength would have t o   b e  of the order of a diam- 
e ter .  With a half wavelength of this magnitude, multiple  pressure nodes 
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would OCCUT in  the 38-inch length surveyed.  Since  multiple nodes are  
not  evidenced i n  figure 21, there  exist  no longitudinal components  which 
can appreciably  affect  the  frequency. The screech  frequency can there- 
fore  be  expressed  by  the  relation 

f P c B  
d 

 he values of p ( ref .  10) for  the first two pure  transverse modes  of 
osci l la t ion  are  0.568 and 0.972. 

Frequency. - The observed  screech  frequency of approximately 3300 
cycles  per second can be produced by t h e   f i r s t  pure  transverse mode of 
osci l la t ion ( p  = 0.568) i f   the  speed of sound i s  2920 feet   per second, 
or by the second transverse mode (e = 0.972) if the speed of sound is 
1710 feet   per second. These values far the speed of  sound correspond t o  
average  temperatures of 3850° and 1250° R, respectively. The higher of 
these  temperatures  approaches  the  theoretical  flame  temperature;  the 
lower approaches the temperature of the inlet air. Consideration of 
screech  frequency  therefore  indicates that the  osci l la t ion could  consist 
of the  f i rs t   t ransverse m o d e  in the  hot gas or the second transverse 
mode i n   t h e   i n l e t  stream. For transverse modes  of oscillation,  the 
pressure w i l l  be  out of phase on the  opposite  sides of the corfibustor f o r  
odd  modes and i n  phase on opposite  sides of the  conibustor'for even modes 
of oscillation,  along any diameter except an antinodal  diameter. Phase 
measurements should  therefore make it possible   to  determine  whether the 
f irst  or  the second transverse mode  of oscillation  occurs. 

Phase measurements. - By  means of the  special  phase probes, ver t ical  
diametric  surveys of pressure amplitude were made a t  three  distances 
downstream  of the flame  holder (3/4, 4, and 73 in.) to  obtain  the data 
shown in  f igures  23 and 24. A typical  oscilloscope  trace is  shown in  
figure 23. The phase of the  pressure  signal  relative  to  the signal ob- 
tained 3/4 inch downstream of the flame holder at the top wall of the 
combustor i s  indicated i n  figure 24. The 180° phase s h i f t  across a diam- 
eter  indicates  that   the f irst  transverse mode rather  than  the second mode 
of osci l la t ion  pers is ted  in   the conibustor. The data of figures 23 and 24 
indicate that there i s  also a phase sh i f t  along the length of the com- 
bustor. The relat ive phase of the  pressure  signal  along  the  top of the 
co&ustor i s  shown in  f igure 21. These data  also  indicate  the  existence 
of a pronounced phase shu t  in   the   v ic in i ty  of the flame holder,  sig- 
nifying that i n  this region  the waves have longitudinal  cmponents. The 
absence of a phase shift i n   t he  hot  gases downstream of the flame  holder 
indicates  the  existence of pure  transverse  oscillation in t h i s  region. 

Circumferential phase relationships were sought. The results were 
not  conclusive and could  be  interpreted as evidence ei ther  of standing 
or  traveling  transverse  oscillation accordi'ag to   the   des i re  of the 
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interpreter.  T h i s  may be at t r ibuted t o  the  large  separation (goo) of 

o r   t o  a phase lag between the  driving  force and the  oscil lation. 
A the  instnunentation  positSons, t o  the  noneinusoidal  nature of the  wave, 

With two ionization gaps located 180’ apart, 3/d inch downstream 
of the flame holder, and extending 3/4 inch from the  burner w a l l s ,  the 
signals shown in  f igure 25(a) were obtained. The flame s t r iking  the 
ionization gaps was 180° aut of phase on opposite  sides of the combus- 
to r .  A t  positions  farther downstream a random component  was super- 
imposed on the  periodic component, making the  signal d i f f i cu l t  t o  
interpret .  

Simultaneous measurements  of pressure and flame-prokced  ionization 
a t  a s ta t ion  3/4 inch downstream of the flame holder  (fig.  25(b)) showed 
that  the outward flame-front motion is in phase with the pressure at 
this   s ta t ion.  On the  basis of these phase measurements, a  time sequence 
of events in  the  screech  cycle can  be constructed as shown i n  figure 26. 
The relat ion between the pressure and the  flame-front dLsplacement i s  
precisely that which would accoqgany a transverse  oscillation. 

. Effect of System Variables on Screech 

Pressure. - The effect  of pressure on screech  amplitude is  sham - in   f igure  27. The peak-to-peak pressure amglitude showed a general 
increase with increase i n  corhuetor  pressure. These measurements were 
made with a flush-mounted microphone located upstream of the flame 
holder and therefore do not  represent the l~laxFmum values of amplitudes 
(see  f ig .  21).  The a i r  flow rate i s  noted fo r  each data po in t   i n   f i g -  
ure 27. At an   a i r  flow r a t e  of 1.5 pounds per second, the  pressure 
llmit for  screech was 20 inches of mercury. Detailed measurements were 
not made of variations i n  frcguency  with  pressure;  sufficient observa- 
t i on  was made,  however, t o  ascer taw that no marked change i n  frequency 
occurred as pressure was varied. 

Gas flow  rate. - The canibustor screeched  throughout most of its 
operating  range as shown 9n figure 28. Screech was encountered at  pro- 
gressively lower pressures  as gas flaw r a t e  was decreased. During 
screech  the  conkustion  efficiency was 90 t o  100 percent; the efficiency 
dropped abruptly  by  approximately 35 percent when screech ceased. 

The limited data of figure 27 ehmed no consistent  variation of 
screech  amplitude with var ia t ion   in  flaw ra te .  No effect  of flaw ra t e  
on screech  frequency was noted f o r  the Umited range  investigated;  these 
data are  presented in table I. W s e  t e s t s  were conducted with a fixed- 

Inlet velocity was about 20 percent. 
c area P&must  nozzle, however, and the lllaximum variation h co&ustor- 

c Fuel-air   ratio.  - The ef fec t  on screech of variations in   fue l -a i r  
r a t i o  is shown by 6he data of table  I. The fixed-area nozzle was used 
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to   obtain  these d&ta; th i s  did not  permit changes in   fue l - a i r   r a t io  
without  simultaneous  variations in  conbustor-inlet  velocity and conibus- 
tor  pressure. Only qualitative  trends  can  therefore  be  noted.  Fuel- 
air ratio  exhibited no pronounced ef fec t  on screech  amplitude. The 
effect  of fuel-air   ra t io  on screech  frequency w a s  as follows: Maximum 
frequency of 3500 cycles  per second was obtained at an equivalence r a t i o  
of 1.14. Screech  frequency  decreased as fue l -a i r   ra t io  was decreased 
below this value. The frequency was 3350 cycles  per second at an equiv- 
alence r a t i o  of 0.934,and 2800 cycles  per second near  the  lean blow-out 
l i m i t .  When the   fue l   th ro t t le  valve was abruptly  closed, corribustion 
pers is ted  for  one t o  two seconds a f te r   the  valve was closed. During 
t h i s  time the screech  frequency  continuously  declined t o  a value much 
l o w e r  than 2800 cycles  per second. 

.. 

Flame-holder type. - Two single diametric V-type flame  holders  and 
two 60" single-cone flame holders were investirnted. With the V-type 
flame  holders,  an  aperiodic  roughness w a s  obtained which was superiqposed 
on the high-frequency  screech. The larger V-type flame  holder  burned 
out a f t e r  20 minutes of operation. The flame holders  giving  greater  area 
blockage  permitted a wider fue l -a i r   ra t io  range of operation. A l l  the 
flame  holders  investigated  screeched  throughout most of their  operating 
range of fuel-air   ra t io .  

Flame-holder position. - No appreciable change in  screech  frequency 
or  amplitude was noticed when the flame-holder  position was al tered t o  
produce combustor lengths from 34 inches t o  45 inches. A t  one position 
of the flame holder, however, (giving a combustor length of 42 in . )  a 
longitudinal mode of oscil lation having a frequency of approximately 
470 cycles  per second  appeared. T h i s  longitudinal  oscillation  did  not 
replace  the  screech  but  mrely accompanied and modulated it RS sham i n  
figure 17 .  

Conbustor diameter. - Screech  frequencies  reported i n  the  l i terature  
(refs.  3 and 4) fo r  various full-scale  afterburners can also be  explained 
by assuming transverse  oscil lation  in  the conibustors. Figure 29 shows a 
plot  of screech  frequency a s  a function of cambustor diameter  obtained 
from the   re la t ion f = c$/d for   the lower values of p .  It i s  based on 
the range of frequencies  associated with the f i r s t  transverse mode iden- 
t i f i e d   i n   t h e  6-inch combustor. The band widths resu l t  from variations 
i n  combustion-chaniber sound speed  implied by- t h i s  range of frequencies 
The experimental  points from references 3 and 4 are  included in figure 29. 
Most of the p o h t s  l i e  within  the range of frequencies  theoretically 
possible w i t h  transverse  oscil@tions. For the larger  co&uetors  higher 
modes appear  prevalent. 

In reference 4 it was noted that an increase i n  frequency  occurred 
when a centerbody downstream of the  flame  holder was removed. A trans- 
verse mode would allow such an  effect  whereas a radial mode would not. 
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8. The theoretical  frequency  with  the  centerbody used i n  reference 4 and 
the  observed-frequencies are also given i n  figure 29. 

Speculation  Regarding  Screech Mechanism 

CH 

0 
s 

The data thus fax indicate that the  gas  in  the  burner does, i n  
f ac t ,  execute a transverse  oscillation  during  screech.  Little has been 
said, however, of the means whereby the osci l la t ion i s  maintained. Some 
source of energy i s  obviously  required. Two sources of energy are 
available in the conibustor: (1) the kinetic  energy  in  the  flowing gas 
stream; and (2 )  the chemical  energy  released during the  cofiustion pro- 
cess. O f  these two sourcegthe chemical  energy is  far greater. In 
order for t h i s  energy t o  be made available t o  overcome damping and  main- 
ta in   the  osci l la t ions a t  a high  amplitude, it is necesswg  for it t o  be 
involved in SOE time-varying work cycle. The cr i te r ion  proposed by 
Rayleigh (ref.  ll) is  that the  heat  input  should occur at locations 
where the pressure  varies and at a time when the  pressure is near i t s  
maximum. For a  case where the  osci l la t ions are driven  by  the  kinetic 
energy of the flowing  stream,  the heat release may play a par t   i n   i n -  
termittently  storing and releasing  this   kinet ic   energy  in  such a manner 
that the osci l la t ion i s  maintained (ref. 1 2 ) .  In either  event, it is 
obvious tha t  the osci l la t ion may be driven on ly  when the heat release 
undergoes a variation with time. This may be brought  about i n  many ways .  

A coupling between the chemical reaction and the  acoustic  oscilla- 
tions  could result from the  effect  of pressure and temperature on the 
chemical kinetics. The r a t e  of energy release per unit volume i n  high- 
speed  conbustion equipment has been sham t o  increase with  increase Fn 
pressure and  temperature (refs. 13 and 14). A re la t ion  of this so r t  can 
be used to predict  the  variation i n  hest   release rate resul t ing from an 
adiabatic compression of the burning gases- A slmilar result obtains if 
the conibustion zone is  assumed t o  comprise many laminar flames again 
subjected  to  adiabatic compression. Both approaches indicate & ~ 1  amount 
of energy  available  for  driving  the  oscillation that is proportional  to 
the mean 10-1 heat-release rate a d  t o  the square of the dimensionless 
perturbation  pressure. 

Such an appro-tion was applied t o  the  experimental burner 
reported  herein. At typical  conditions,  perturbation  pressure of 0.5, 
the available energy was found t o  be about 3 percent of .the total  energy 
in  the fuel supplied. 

The osci l la t ion is damped, fts energy removed, in at least four 
c ways: (I) sound propagation rrpstream, (2) mass transport downstream, 

(3) absorption and scattering a t  the outer wall, and (4) nonlinear damping 
of the waves i n   t h e  manner discussed in appendix B. 
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Damping of types ( S)  , (2) , and (3) is dependent on amglitude 4 

squared. Type (4) damping is  a function of amplitude c a e d .  The rate 
of energy loss due t o  (1) and (2)  for  the  experimntalburner was esti-  
mated t o  be from one t h i r d   t o  one half’ the  ra te  a t  which energy would be 
supplied. Damping of type (3) becomes of comparable magnitude only when 
the walls are made highly  dissipative. The nonlinear  attenuation,;type 
(4),  is  significant  only when the amplitude i s  large. 

The foregoing crude picture  enables the- following predictions t o  0 
be made as to   the  var ia t ion of screech  tendency  with  operational param- 
eters .  The dinensionless  amplitude p would be an index of the differ- 
ence between the driving power and the “linear” damping terms (1) , (2) , 
and (3); hence it would serve  as an index of screech tendency. This 
tendency will increase  with  increases in mss flow, inlet temperature, 
flame-holder  blockage, and mean heat-release rate. The tendency w i l l  
increase  with  pressure  only if the  local  heat-release rate per pound 
per second also rises. If the dimensionless  amplitude p is constant, 
the amplitude P - Pa, w i l l  increase linearly with  pressure. These 
general  predictions seem t o  be in  agreement with  the  experimental 
findings . 

IC 
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The previously  given concept of damping and driving assumes the 
heat  release  to be i n  phase with the pressure. If this is not  true,  the - 
driving  force would be  reduced. Also neglected were the possible  roles 
of flame wrink3ing and detonation. A flame-front  disturbance,  possibly 
caused  by the  scattering of  waves a t  the flame  holder,  certainly  exists 
as evidenced by the  excellent  schlieren photographs of reference 4 and 
by the data shown on figure 25. The resultant  time-varying  heat 
release may well be an  important  constituent of the driving force. 

It is quite  possible  that in the environment of the  screeching com- 
bustor, the heat-release  rate may at times more nearly approach tha t  of 
detonation  rather  than that associated  with  steady  conFlagration. T h i s  
again  could alter the  energy  driving the oecillation. 

Neither of the  last-mentioned  factors, however,  would a l t e r  dras- 
t i c a l l y  the trends  predicted  by  the  use of the  simplified  picture. 

Suggested  Techniques f o r  EUmimtion or Control of Screech 

The tendency of a burner towards screech can be  modified i n  two 
ways, as  follows: (1) by al ter ing  the damping potential  of the co&us- 
tor,  and (2)  by  altering  the  driving  potential  of the conibustion process. 

One technique for altering the  damping potent ia l  of a chartiber i s  
t o  increase  the sound absorption a t  the walls. A conservative  estimate 
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of this  absorption can be  obtained  by  inserting  the damping constant  for 
completely  absorptive walls into  an  available  relationship  derived  for 
walls with small absorption. Such an estimate  yields a rate of energy 
dissipation about  equal t o   t h e   r a t e  a t  which energy is  l o s t  up and 
d m t r e a m .  Actually, the wall absolption  calculations assume the con- 
tinued  existence of a standing wave within the chamber. This assump- 
t ion  becomes unjustifiable  as  the walls become completely dissipative. 
Obviously, if there were no walls the  standing-wave picture would no 
longer  apply. 

. 

0 4  s 
0 A second poss ib i l i ty  is t o  increase  the amount of energy lost 

upstream. T h i s  increase is achieved  by  reducing  the  flame-holder  block- 
age. If t h e   t o t a l  flame-holder area must be  retained,  the flame holders 
may be  staggered t o  increase  the open area. 

7 
A third technique f o r  a l t e r ing  the darqing poten-t;ial of a conibustor 

is to   e f f ec t  changes i n  t4e  interference of pressure waves ref lected 
from various surfaces   in   the canibustor. T h i s  effect  m y  be achieved in  
various ways: (1) by the use of a corrugated U e r ,  (2) by the use of an 
array of f u e l  injectors producing a l te rna te   r ich  and  lean Layers c i r -  

w a l l s  so as t o  vary ei ther  the shape or  the  size  along  the  length of the 
c&ustor, and (4) by subdividing  the conibustor in to  a m b e r  of smaller 

the foregoing  techniques, if carried t o  the ultimate,  could r e s u l t   i n  an 
anechoic chaniber. 

- cumferentially  near  the combustor wall, (3) by distortfng the c d u s t o r  

- chambers  whose resonant  frequencies do not  coincide. A combination of 

Control of screech  by modifying the  driving  potential does not 
offer a specific  cowse of action because the driving 7 3 e c h a n i s m  I s  not 
ye t   fu l ly  understood. A few general  design  principles which might prove 
effective can, however, be mentioned. The region of maximum pressure 
excursion f o r  the  transverse mode is  at  the wall. La the  reacting m i x -  
ture  cas  be  kept away from t h i s  region,  the  part of driving due t o  the 
preaEure e f fec t  c&z1 be minimized. This can be  achieved Fn a t  leas t  two 
ways : (1) by maintaining a fuel-free layer near  the wall, and (2) by 
ma in tadng  a stable  pilot   region at  the wall, so that the  pressure- 
sensitive  region is  occupied  by exhau.,t products. 

The design of the flame  holder  can also affect the  driving  potential 
of a conibustor. The scattering of the  longitudinal  cmponent of the wave 
by the flame holder and the  resultant flame  wrinkling wi.11 increase with 
flame-holder wLdth.  The flame wrinkling due to the transverse com- 
ponent of the  osci l la t ion will be independent of flame-holder  width bu t  
w i l l  be a function of the  other  flame-holder dimensions as w e l l  as the 

action of R transverse component will be  proportional t o  the velocity 
coqonent of th i s   osc i l la t ion  normal to the  flame-holder edge. 

. flame-holder  position; i n  general, the flame minkling resul t ing from the 
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The driving  potent-1 is also  affected  by  the composition of the 
combustible mixture. The driving potential  w i l l  be lowest for   fue l -a i r  
mixtures  having reac t iv i t ies   re la t ive ly   insens i t ive   to  changes in ten- 
perature and pressure. This suggests the  use of solid fuels or chem- 
ical additives which  would decrease  the  rate of response of the reactants 
t o   va r i a t ions   i n  temperature and pressure. Reference 3 reports  the use 
of te t rae thyl  lead. as a fuel   addi t ive i n  a screeching conibustor and 
reports no noticeable change i n  screech tendency.  Reference 3 does not 
suggest t h i s  test t o  be  conclusive  regarding the  effect  of chemical 
additive s , however . 

There are  certain  beneficial   aspects of screech. One of these is 
the  increased  carbustion  efficiency  accowanying  screech. Another i s  
the  possible  gain  in the over-all  heat  cycle  for a given thermal eff i -  
ciency. T h i s  can  occur  because most of the heat i s  released at  a higher 
level  of pressure with screech. It i s  uncertain how much of this excess 
energy is available above that required  to overcome  damping  of the 
oscil lation. To retain  the  beneficial   aspects of screech while minimiz- 
ing the  destructive effects would demand a thorough and quantitative 
evaluation of the  control  techniques  previously  outlined. 

SUMMARY OF RESWS 

The resu l t s  of an invest igat ion  to  develop  instrumentation and 
study  screech i n  a 6-inch-diameter  simulated afterburner cas be summa- 
rized as follows: 

1. Probe microphones were developed which can be   u t i l i zed   to  measme 
the frequency, relative amplitude, and phase relations of pressure 
oscil lations a t  various positions w i t h i n  a screeching combustor. 

2. Calibration data were obtained which make it possible t o  deter- 
mine the absolute  value of pressure amplitude fram probe microphone 
readings. In obtaining these calibration data, a new theory was pro- 
posed t o  account for the nonlinear  attenuation of high-auplitude sound 
i n  tubes. 

3. F r m  measurements of pressure amplitude distribution, frequency, 
and relat ive phasing during screech- operation of a 6-inch-diameter 
simulated  afterburner,  the  acoustic  oscillations accompanying screech 
were found to   cons i s t  of the first transverse  (sloshing) mode in   the   ho t  
gases  damstream of the flame  holder.  Transverse  oscillations  could 
also account f o r  the  screech  frequencies  reported in the l i t e ra ture  on 
full-scale  afterburners and r a m  jets; i n  the  large combustors, however, 
higher modes of osci l la t ion become prevalent. 

. 
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4. The small-scale  afterburner  investigated  screeched  throughout 

most of i t s  operating rasge.  Screech was absent only at conditions 
ttpproaching  flame b l O W - O U t j  screech disappeared j u s t  prior t o  blow-out 
aa pressure w a s  decreased or  as air flow was increased. 

Lewis Flight Propulsion Laboratory 
National Advisory Committee fo r  Aeronautics 

Clevelad, Ohio, October I, 1953 
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SYMBOLS 

The following symbols are used' in this report: 

mean s o d  veloci ty   re la t ive  to  the gas, f t / s ec  

loca l  sound velocity  relative t a  the gas, f t / sec  

combustor diameter, f t  

frequency,  sec-1 

integer  denoting  particular harmonic 

local  pressure, lb/sq in.  abs 

mean pressure, l.b/sq in.  abs 

perturbation  pressure, (P/Pav - 1) 

time  required  for a wave t o  become  sa1 a - t  ,oothed, sec 

local  gas  velocity  relative  to  f ixed  coordinates,   f t /sec 

propagation  velocity of sawdooth shock f ront   re la t ive   to   f ixed  
coordinates,  ft/sec 

wave propagation  velocity,  relative  to  fixed  coordinates,  ft/sec 

distance, f t  

distance  required fo? a wave t o  become saw-toothed, ft 

damping coefficient,  ft-1 

effective  over-all  damping coefficient, ae =I ak + "p, f t - l  

v~scous  damping coefficient, ft"- 

saw-tooth damping coefficient, ft-l 

daqping  coefficient  for wave of unit frequency, OL' = cL/fm, ft" 

a constant 

wavelength, c/f, f t  

2 
0 rn 



A .  

3 
2 

NACA RM E53128 

Subscripts: 

max conditions  obtained at wave maxirmrmpressure 

mfn conditions  obtained at wave minimum pressure 

n integer d&ting  particu1a;r harmonic 

e conditions  obtained a t  probe entrance 

r conditions  obtained at sound source 
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APPWIX B 
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DISTORTION AND DlPiLNUTION OF SOUMD WAVES OF FINITE 

It has been eatablished  (ref. 9) that finite-amplitude sound waves 
tend toward a saw-tooth wave form as  they propagate. A portion of a 
single saw-tooth wave has been examined i n  reference 15. There it was 

shown that up to   preasure  ra t ios  of 3, the sound speed computed by  the 
isentropic  relation 

1 

1 
C 7 
- =  8 ( 1 + P )  (B1) 

differs by l e s s  than 1 percent from that determined  from the Rankine- 
Hugoniot re la t ion  

L 

8 

(when y = 1.4) . Also the Riemann invariant 

Q E 5c - u =I constant (B3) 

wa8 found t o  v8ry less than 1 percent for shocks up t o  P/Pav = 2.5 
(i.e.,  p = 1.5). 

Since Q i s  constant for   rarefact ion waves and approximately con- 
stant f o r  shock waves, equations (Bl) and (B3) def ine the relat ion 
between u, c, an& p. 

From the  foregoing  considerations, a rumiber of useful  relations 
can be  derived  for  the  propagation of sound i n  tubes. 

End effect .  - A t  high sound levels,  the  variation in stat ic   pres-  
sure at the  entrance of the  tube will not  be equal t o  the pressure var-  
i a t i o n   i n  the medium from which the i ~ u p a s e  i s  taken. This r e su l t s  from 
the ass~uqt ions   tha t :  (1) wave energy i s  conserved, and (2)  the incident 
sound has m particle  velocity camponent i n  the  direction of the  tube. 
With these assllmptions the  energy  equation  reads 

0 

5 

2 2 2 
e u + 5ce = 5cr 
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Within the tube, the speed of sound. and the  particle  velocity axe 
related by the  equation 

a 

5ce - ue =I 5a (B3) 

The speed of sound may be related t o  sound pressure by 

w 
4 
0 
0 

1 

Combining equations (Bl), (B3), and (B4) yields  the following expression 
relat ing  the sound pressure i n  the probe  entrance  with tha t   i n   t he  
source : 

5 2  
P, - Pe =: 14 Pe 

Transition  to saw tooth. - A harmonic di.stortion of f i n i t e  sound 
waves resu l t s  from the  variation in  sound speed between the compressed 

Thus any finite wave, regardless of i ts  i n i t i a l  form, will approach more 
tlnd more closely  the saw-toothed shape as time  passes;  that is, the 
leading  portion of the wave wlllbecome a shock wave w h i l e  t he   r ae fac -  
t i on  will become  more asd more gradual. The r a t e  st which this trassi- 
t ion  occurs will, of course, depend on the magnitude of the wave. 

- and the  rarefied  portions of the wave as indicated by equation ( B I )  . 

If a t r a i n  of slne waves be  engendered i n  an initially stahlonary 
medium,  the  waves will become saw tooth i n  form in  a time 

* 

Since 

V = c  max max + 

equations (Bl) , (B3), (B5) , and (B6) may be combined t o  give 

The distance the wave travele during t rans i t ion  is then 

x* 3: 7 h  
24P- 



24 - NACA RM E53128 

These relat ions should  apply t o  waves propagating i n  ideal  gases, 
If the waves be conf ind  in a tube,  the  factor of viscous damping must 
be  considered. The ideal  saw-tooth mve may be represented by the 
Fourier expansion 

Since  the  viscous  bqping  increases with increasing frequency, a physical 
wave may more t ru ly  be represented by terminating  the series wlth  the 
nth harmonic. The finite series will then exhibit a pressure maximum at 
a point 

P 
0 
M 

if f% in  equation (B9) is set equal t o  an integer. 

If the  damping of the nth 
lows the   re la t ion 

Pn = 

t he   r a t e  of clecay  of p, with 

Assuming a uniform rste of 
(B10) yield 

harmonic of a wave of frequency f fo l -  

distance is 

growth of this harmonic, equations (B8) and 

The value of pmax below which pn will no longer grow i s  found by 

equating the sum of equations (B12) and (BU) t o  zero, yielding 

=I 0.292 CCJI - - c m n-1 c *rm ncl f 

I n  f r ee  air m = 2 and a i s  small for  the  frequencies of interest .  In 
f a i r l y  small tubes, m i s  1/2; when a, c at f l ,  equation (3) becomes 
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A If the  viscous  (Kirchoff) dnmping coefficient is applied t o  the 
wave during  the  transition from sine t o  saw tooth by the  re la t ion 

8 
4 
0 

the t rans i t ion  t i m e  and distance can be  recalculated  by the use of 

This becomes, by  equa3ions (Bl) , (B3) , (B6), (B14) , and (BE) 

or  

- or   for   l a rge  n 

monlineaz attenuation. - If the o r i g i n a l  pressure m v e  i s  of auf" 
f i c i en t  amplitude to  generate a large number of harmonics, a nonlinear 
attenuation results. This occurs  as a result of the overriding of the 
shock f ront  by the following  rarefaction bpu l se .  In considering this 
attenuation it i s  assumed th&t the wave will remain @proximately saw 
tooth i n  form and that the mem pressure will be found halfway  between 
the maxlum and the minimum pressures. The Raskfne-Hugoniot equation 
(ref. 5) 

urnax min gr::~ min 

- u  
C 

- 

may be writ ten in quadratic form and solved as follows: 

V = 0.6 urnax 3- 0.4 un + 1&3.56(% - un)2 + Gn (B19) 

Equations (Bl) and (B3) may be combined t o  give 
- 
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r 1 1  

which, with equation (B19) and the assumption of equal  pressure and 
rarefaction magnitudes, gives 

Thus it i s  seen that l i t t l e  error should be introduced by assuming that 
the propagation  velocity of the shock f ront  i s  equal t o   t h e  speed of 
sound i n  the undisturbed medium.  

The r a t e  at which the saw-tooth wave diminishes due t o  the  over- 
r iding of the  rarefaction upon the shock f ront  can be expressed i n  terms 
of a nonlinear damping coefficient ap, defined as 

The equivalent  expression, i n  terms of peak and average wave velocities, 
i s  

vhich may be comblned with equations (Bl) , (E), and (B6) t o  give 

%"a (7 )  

This nonlineax damping i s  assumed t o  be accompanied by viscous damping; 
the  ef 'fective  coefficient  for saw-tooth waves in a tube i s  taken 
&a the sum of the two effects: 

c L e = Q p + ~ P " ( l + p m a x )  l2f 7 +ak" l2f 
a a 

The variation of peak pressure with distance can then be obtain d by 
integration, again using the bfnomial expassion of (I -t p-) 9 7  and 
discarding  terms of higher order  than p&. This yields t h e   q r e s s i o n  

b 
0 
0 
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from which 

0 4  
4 
0 
0 

o r  

e - 2 v  pI 

where Co i s  the  constant of integration. For a given  frequency and 
tube  size, this equation utay be plotted as in figure 9. 

To s m i z e ,  there axe three  regions with dis t inct   character is t ics  
through which the sound wave t ravels  i n  a probe-type microphone; the  
entrance,  the  transition  region, and the  saw-tooth region.  Considering 
these  regions  separately,  curves may be drawn for a given  diameter  probe 
which will represent  the  internal sound level a s  a function of source 
level  and tube length. The s o u  l eve l  at the  tube  entrance i s  l e s s  
than that of the source by the mount  indicated from equation ( 2 j .  D u r -  
ing the  t ransi t ion  ( the  length of this region i s  determined. from eq. 
(5)), the  linear  (Kirchoff) damping coefficient applies (eq. (B14)). 
When the  t ransi t ion i s  complete, the damping coefficient of equation 
(B23) must be used. Such a se t  of curves is shown i n  figure 10. 
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TABU I. - OBSERVED FRF-CIES FOR SIMLTANECRTS VARIATIONS 

OF MASS FLOW, EglJIVAIENCE RATIO, AmD BUFOEZ PIiESSURE 

[Inlet -gas. temperature, 1660' R] 

Frequency, 
CPS 

3350 

3500 

3500 
3400 

5400 

3400 

3400 

3350 

Mass flow, Inlet Mean Equivalence 
lb/6eC velocity, pressure, ratio 

PavJ ft /sec 
lb/sq in .  

2.005 

376.8  28.28 .9595  3.474 

369.6 26.28 ,9881 3.166 

352.1  24.28 ,9964 2.787 

337.6 22.28 1.007 2.452 

301.0 20.28 .9968  1.990 

307.1 20.78 1.146 2.080 

307.1 20.78 1.104 . 2.080 

310.9 19.78  0.9339 
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Figure 1. - Diagrammatic sketch of b h c h  afterburner instellation. 



. . . . . . . . . . . . . .. . ... . . . . . . . . 

. 



-. NACA RM E53128 
4 

Fuel 

Fuel or i f i ce  

A i r  orifice 

Ftgure 3. - Diagrammatic sketch of air-atomizing spray  bar. 
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TO 50 feet of 1/4-hoh oopper tubing 

t/ 
A i r - t i g h t  enol 

Cooling water 

Figure 4. - Sketch of "Infinite" probe (not emled), 
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0.040-inch tube 1-1 

Figure 5. - Sketch of nphase" probe (not smled). 
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Piston 
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Oecilloecope 

Vacuum tube voltmeter 

(a) Resonator far i n f i n i t e s h l s .  

Figure 6. - Apparatus for measuring attenuation conStantS. 
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Reference 
microphone r Tunable 1/4-wavelength resonator 

“I Air j e t  

Probe 
microphone 

Synchronow 
motor 

50-foot  length of 1/4- 
inch copper tubing 

(b) Resonator fo r  high amplitudes. 

Figure 6. - Concluded. Apparatue for measuring attenuation constants. 
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Figure 8 .  - Amplitude-dependent eaw-tooth damping attenuation coef f ic ient .  
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. 

Probe length,  ft 

Figure 10. - Probe  against  reference  amplitude lncorporathg end  effects,  length 
to become eaw-toothed, and em-tooth damping for 1/4-inch-outside-diameter, 
1/32-lnch-wall  tubing.  Frequency, f, 3000 uycles per second. 
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Reaonator 

NACA RM E53128 

- Time 

Probe length, 0.1 feet 

-c Time 

Probe  length,  1.1 feet 

- Time 
Probe  length, 5.1 feet 

1 c-33786 I 
Figure U. - nave form of "infinite" probe microphone an3 reference microphone f o r  1080 cyclea 

per seoond; pressure, I?, 0.40 atmo~pgheret. 
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(a)  Frequency, 10e0 cycles per second. 

Figure  12. - Probe microphone calibration. 
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. 

(b) Frequency, 2400 cycles per second. 

Figure 12. - Continued. Probe microphone calibration. 
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Reference  amplitude, pmax 

(c) Frequency, 3000 cycles  per  second. 

Figure 12. - Concluded. Probe microphone calibration. 
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(a) Screech plus longitudinal resoname. 
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Figure 17. - Wave forme of aoreech and longitudinal reeonanoe. 
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(c) Fi r s t   r ad ia l  mode. 

Figure 19. - Pressure  contours and part ic le  motions f o r  
fundamental modes of cylindrical  duct. 



. . .  
.. . 

100 200 600 loo0 

Frequency, f, cps 

. . 
0 LOE 

. . . .  



. . . -. . . . . . . . . . .. . ... . . . . . .. 

-8 

. . . . . . . . . ... . . 

3070 

32 

01 
01 

.. . . . . .. . 



56 NACA RM E53I28 

. 
Figure 22. - Microphone voltage8 about c i r c ~ e r e n c s  of acmeching combustor 4 tnchee 

dometream of V-gutter. 
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Figure 24.  - Phase of preesure signal r e l a t ive  t o  signal at top 

of combustor  3/4 inch downstream of flame holder for three 
flame-holder posit ions.  
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(a) Ionization  traces at t o p  and bot-tcan of cabuster 3/4 lnoh 
from wall. 

(b) Ionization and pressure  traces at top and 60° frm top 
of cambuster. 

Figure 25. - Ionization and pressure trace6 3/4 inch downstream 
of flame holder. 
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Figure 26. - Reconstruction of preasure and flame-displacement 
sequence. 
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Figure 27. - Peak-to-peak  screech  amplitudes measured % inches  upstream 1 

of flame holder f o r  f o u r  different  flow ra tes .  



Air flow rate,  lb/sec 

Figure 28. - Lower pressure 1 m t e  for screech and burning. Equivalence 
ra t io ,  1. 

I '. 
. .  . . .  . . .  

O L E  . 



, . . . .. . . .. 

I 
I 

3070 - 

t 

I 

... . 



, 


